1. Introduction {#s0005}
===============

Diamondback moth, *Plutella xylostella* (L.) (Lepidoptera: Plutellidae) is a one of the major pest of vegetables across the world ([@b0075], [@b0120], [@b0170], [@b0190]). This pest has been reported to cause up to 90% yield losses under high population levels with 4--5 billion US dollars spent for its management globally ([@b0200]). This is due to high fecundity, short generation time, wide host range, insecticide resistance and ability to survive under wide range of temperatures ([@b0070], [@b0100], [@b0175]). The relationship between temperature and insects is well studied. Being poikilothermic organisms, the growth, fecundity, survival and other biological factors of insects are highly influenced by external temperature conditions ([@b0055]). Each species has its own thermal window at which it can survive and reproduce in a particular area ([@b0125]). Hence such relationships are very important in planning the integrated management of diamondback moth ([@b0010], [@b0140], [@b0160]).

Although numerous studies have been conducted in several countries to study the biology of *P. xylostella* under different temperature ([@b0085], [@b0150], [@b0180]) but such studies are lacking in Pakistan. Moreover, populations of pest in different ecological regions vary for thermal requirements ([@b0025], [@b0090]). Such variations demand to study the biology/fitness of that specific pest for its better management.

In the current study, life traits of diamondback moth were studied on four different temperatures by using the two-sex life table traits along with age-stage on Chinese cabbage (*Brassica rapa* var. Pekinensis). The population of *P. xylostella* belong to arid climatic conditions of Multan, Pakistan. We aimed to find out how arid population of *P. xylostella* performs at different temperatures. The purpose was to find relationship between the *P. xylostella* and temperature and use that information for future management of this destrctive pest in Pakistan.

2. Materials and methods {#s0010}
========================

2.1. Population of *P. xylostella* {#s0015}
----------------------------------

For growing of plants, seeds of Chinese cabbage or bok choy were sown in beds (having area = 5 m^2^) and plastic boxes (6 × 10 × 20 cm) at the research farm of Bahauddin Zakariya University, Multan, Pakistan. The cabbage leaves from these plants were used for laboratory studies. The larval and pupal stages of diamondback moth were collected from cabbage fields located near Central Cotton Research Institute (CCRI), Multan, Pakistan. Briefly, the collected larvae were reared on leaves of cabbage plants in glass petri dishes untill pupae. The pupae were transferred to glass jars for adult emergence. The adults moths were provided with 10% honey solution as diet until egg laying and death. They were reared in same manner untill enough numbers were obtained for experiments ([@b0120]). In addition, they were reared on each temperature (15, 20, 25 and 30 °C) for two generations in the incubators for acclimatization (Model VELP \# 90E Japan) before using for experiments.

2.2. Life table traits of *P. xylostella* {#s0020}
-----------------------------------------

For this purpose, 150 leaves (5.5 cm × 1.2 cm) of cabbage were cut and placed individually in Petri dishes at 15, 20, 25, and 30 °C temperatures in incubators. A total of 150 eggs were collected from leaves at each temperature with the help of camel hair brush. They were placed in petri dishes on a piece of cabbage leaf placed at the bottom of petri dish. Each egg denoted as a replication. Fresh cabbage leaves were given after every 2 days during the experimental period. Life cycle of diamondback moth was recorded daily at each temperature.

To study the reproduction potential of diamondback moth, both male and female moths were kept together in a glass jar (14 cm × 20 cm). Thirty replications were made at each temperature. The 10% honey solution was prepared and given to adults. The cabbage leaves were placed in the glass jars for egg laying. Daily, leaves of cabbage were replaced and the numbers of eggs were counted ([@b0120]).

Following parameters were recorded at each temperature: Adult pre-oviposition period (APOP = the time period between the female adult emergence to its first egg laying), total pre-oviposition period (TPOP = the time interval between birth to the start of egg laying), oviposition period, and daily fecundity by using the methodology of [@b0045]. Each stage of diamondback moth was weighed sensitive analytical electric balance (Model\#SE-391).

2.3. Statistical analysis of experiments {#s0025}
----------------------------------------

Two-sex life table program, TWO-SEX-MS Chart in computer was used to analyze different biological parameters (egg, larva, pupa, adult pre-oviposition period, total pre-oviposition period, fecundity) by following the methodology of [@b0030], [@b0035]. In the age-stage, two-sex life table, the *l~x~*, *m~x~*, and *R~0~* values are calculated as$$\mathit{lx} = \sum\limits_{j = 1}^{k}S_{\mathit{xj}}$$$$m_{x} = \sum\limits_{j = 1}^{k}{S_{\mathit{xj}}f_{\mathit{xj}}}/\sum\limits_{j = 1}^{k}S_{\mathit{xj}}$$$$R \circ = \sum\limits_{x = 0}^{\infty}l_{x}m_{x}$$where *k* is a number of stages, *s~xj~* is the survival rate of diamondback moth where *x* = age in days and *j* = stage), *f~xj~* is the age-stage-specific fecundity, *l~x~* is age-specific survival rate, *m~x~* is age-specific fecundity, *e~xj~* age-stage life expectancy, *v~xj~* age-stage reproductive value, *R~0~* is net reproductive rate, *k* is finite rate of increase, and *T* is the mean generation).

In this study, the iterative bisection method from the Euler--Lotka formula was used to estimate *r* (*r* is intrinsic rate of increase) is using the with age indexed from 0 ([@b0095]) as shown in Eq. [(2)](#e0010){ref-type="disp-formula"}.

The *e~xj~* is defined as the length of duration or time that an individual or insect of *x* and *j* is predictable to living, calculated by the methodology of [@b0040] as$$e_{\mathit{xj}} = \sum\limits_{i = x}^{\infty}{\sum\limits_{y = j}^{k}{s^{\prime}}_{\mathit{iy}}}$$where $s_{\mathit{iy}}^{\prime}$ is define as the probability that individuals of *x* and *j* will survive to age *i* and stage *y* and, is found by assuming$s_{\mathit{iy}}^{\prime}$ = 1 ([@b0195]).

The *v~xj~* was estimated by following the methodology of [@b0005] and was calculated as$$v_{\mathit{xj}} = \frac{e^{- r{({x + 1})}}}{S_{\mathit{xj}}}\sum\limits_{i = x}^{\infty}e^{- r{({x + 1})}}\sum\limits_{y = j}^{k}{{s^{\prime}}_{\mathit{iy}}f_{\mathit{iy}}}$$

Finally, the standard errors and variances of fruit preference (number of visits and oviposition punctures) and means of different parameters were compared LSD and bootstrap technique respectively by following the methodology of [@b0060].

3. Results {#s0030}
==========

3.1. Life table parameters {#s0035}
--------------------------

The egg development time of *P. xylostella* was longer at 15 °C in comparison to other three temperatures (*P* \< 0.001). The 1st, 2nd, 3rd, and 4th instar of *P. xylostella* were longer at 15 °C than those at other three temperatures (*P* \< 0.001). Males and females of diamondback moth lived longer at 15 °C with significant difference to other three temperatures (*P* \< 0.001). Statistically, adult pre-oviposition period of *P. xylostella* was not significantly different at all four temperatures.

Differences were also observed in the total pre-reproductive period (TPRP), oviposiiton period and fecundity. TPRP was significantly longer at 15 °C, while significantly shorter at 30 °C (*P* \< 0.001). Similarly, shortest oviposition period was observed at 15 °C while there was no significant difference regarding oviposition period among all the rest of temperatures. Mean fecundity values fecundity per female (288.09 eggs) was recorded at 20 °C temperature (*P* \< 0.05) ([Table 1](#t0005){ref-type="table"}).Table 1Influence of four different temperature on the biological traits of the diamondback moth.TemperatureParameters15 °C20 °C25 °C30 °CEgg duration (d)4.36 ± 0.23 a3.38 ± 0.14 b2.34 ± 0.15 c1.83 ± 0.14 d1st instar (d)5.20 ± 0.06 a3.17 ± 0.09 b2.32 ± 0.08 c1.14 ± 0.02 d2nd instar (d)4.28 ± 0.08 a2.76 ± 0.06 b2.10 ± 0.08 c1.44 ± 0.10 d3rd instar (d)3.76 ± 0.06 a1.87 ± 0.08 b1.64 ± 0.10 bc1.12 ± 0.02 c4th instar (d)3.55 ± .07 a2.43 ± 0.04 b1.76 ± 0.03 c1.22 ± 0.05 dPupal duration (d)7.26 ± 0.14 a6.24 ± 0.06 b3.86 ± 0.06 c3.11 ± 0.07 dMale adult longevity (d)19.15 ± 0.28 a15.31 ± 0.18 b13.89 ± 0.18 c11.55 ± 0.29 dFemale adult longevity (d)17.54 ± 0.16 a12.76 ± 0.26 b11.29 ± 0.12 c10.15 ± 0.16 dDT from egg to male adult (d)47.00 ± 0.63 a35.64 ± 0.50 b27.27 ± 0.18 c24.23 ± 0.64 dDT from egg to female adult (d)45.91 ± 0.69 a33.67 ± 0.66 b25.83 ± 0.56 c23.42 ± 0.61 dAPOP/APRP (d)1.00 ± 0.33 a0.50 ± 0.26 a1.00 ± 0.33 a1.00 ± 0.00 aTPOP/TPRP (d)30.00 ± 0.67 a21.05 ± 0.50 b15. 65 ± 0.98 c12.67 ± 0.76 cOviposition (d)9.91 ± 0.25 b10.75 ± 0.63 a9.67 ± 0.22 a8.58 ± 0.19 aFecundity (total eggs/female)101.93 ± 4.58 d288.09 ± 4.65 a261.93 ± 2.68 b194.53 ± 3.09 c[^1]

Second, third, fourth larval instars and pupae of *P. xylostella* were significantly different in term of weight at each temperature ([Fig. 1](#f0005){ref-type="fig"}). Overall pupal body weight was higher than fourth, third, and second instar. Each instar was significantly gained highest weight at 15 °C among other temperatures.Fig. 1The body weight of the *Plutella xylostella* at four different constant temperatures; Different letters above each bar indicate significant differences between instar treatments using one-way ANOVA, LSD test, and at *P* \< 0.05.

3.2. Life table parameters {#s0040}
--------------------------

The *r* was significantly higher at 25 and 30 °C and significantly less at 15 °C (*P* \< 0.05) ([Table 2](#t0010){ref-type="table"}). The *GRR* and *R~0~* were significantly higher at 20 °C (*P* \< 0.05) while decreased at 15 °C ([Table 2](#t0010){ref-type="table"}). The *T* significantly decreased from 34.55 ± 0.67 to 16.67 ± 0.51 days when temperature was 15 °C to 30 °C (*P* \< 0.05).Table 2Influence of four different temperatures on the life table parameters of *Plutella xylostella.*TemperatureParameters15 °C20 °C25 °C30 °C*r*0.11 ± 0.01 c0.17 ± 0.01 b0.22 ± 0.02 a0.25 ± 0.02 a*ʎ*1.12 ± 0.01 c1.19 ± 1.17 b1.25 ± 0.02 a1.29 ± 0.02 a*GRR*76.52 ± 17.43 c103.48 ± 22.46 a95.34 ± 20.41 b87.91 ± 18.78 c*R~0~*61.10 ± 14.92 c88.70 ± 20.03 a79.10 ± 17.75 b70.66 ± 16.05 ab*T*34.55 ± 0.67 a26.13 ± 0.55 b19.21 ± 0.58 c16.67 ± 0.51 d[^2][^3][^4][^5][^6][^7]

The detailed age-stage-specific survival rate (*S~xj~*) of *P. xylostella* at different temperatures (15, 20, 25 and 30 °C) have shown in [Fig. 2](#f0010){ref-type="fig"}. There was significant difference in survival rates of eggs at different temperature with higher rate at 20 °C temperature and lowest at other temperature (15, 25 and 30 °C).Fig. 2Influence of four different temperatures on the age-stage-specific survival rate (Sxj) of the *Plutella xylostella*; L1 = 1st Instar, L2 = 2nd Instar, L3 = 3rd Instar, L4 = 4th Instar.

[Fig. 3](#f0015){ref-type="fig"} showed the age-specific survival rate (*l~x~*), age-specific fecundity of whole population (*m~x~*) and their product viz. age-specific maternity (*l~x\*~m~x~*) at different temperatures. There was inverse relationship recoded between age specific-survival rate and the temperature however age-specific fecundity was directly proportional to temperatures 15 and 20 °C only. Age-specific maternity also depicted a similar trend to age-specific fecundity.Fig. 3Influence of four different temperatures on the Age-specific survival rate (*l~x~*), female age-specific fecundity (*f~x4~*), age-specific fecundity (*m~x~*), and age-specific maternity (*l~x\*~m~x~*) of the *Plutella xylostella*; L1 = 1st Instar, L2 = 2nd Instar, L3 = 3rd Instar, L4 = 4th Instar.

Age-stage-specific life expectancy (*e~xj~*) of *P. xylostella* at each stage as affected by temperature is shown in [Fig. 4](#f0020){ref-type="fig"} and was inversely proportional to temperature viz. it decreased from 40.6 to 21.67 days while moving from 15 to 30 °C ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Influence of four different temperatures on the age-stage-specific life expectancy (*e~xj~*) of the *Plutella xylostella*; L1 = 1st Instar, L2 = 2nd Instar, L3 = 3rd Instar, L4 = 4th Instar.

Age-stage reproductive value (*v~xj~*) which is the scale of population forecasting and is shown in [Fig. 5](#f0025){ref-type="fig"}. The curves of reproductive value at each temperature significantly increased after adult emergence from pupae up to 3--6 days depending upon the temperature. It was significantly higher at 20 °C as compared to the remaining tested temperatures.Fig. 5Age-stage reproductive value (*v~xj~*) of the *Plutella xylostella* as affected by temperature; L1 = 1st Instar, L2 = 2nd Instar, L3 = 3rd Instar, L4 = 4th Instar.

There was inverse relationship between the *T* and temperature. Intrinsic rate of increase was inversely proportional to the highest finite rate of increase as compared to the *T*. The *r* was significantly higher at 25 °C followed by 30 °C while it was significantly lower at 15 °C ([Table 2](#t0010){ref-type="table"}).

4. Discussion {#s0045}
=============

Life table, an important research tool used for ecology studies, enables to study important biological components of organisms like growth rate, survival rate and reproductive potential of an organism under different conditions. Growth rate is highly dependent on first reproductive age and the age approaching the peak of reproductive value ([@b0145]). Due to drawbacks of Jackknife method ([@b0105], [@b0110]), bootstrap technique was used with *n* = 100,000 to get precise estimate of population parameters. Means of all resampling (*n* = 100,000) were used to estimate the standard errors. A normal frequency distribution can be generated by bootstrap which in turn proves effective for analysis of variance and comparison of means ([@b0015]).

Insect pests are ectothermic in nature, and their biology, behaviour, and fitness are greatly affected by abiotic factors ([@b0050], [@b0115]). There are various studies showing the effect of temperature on survival and development of different insects ([@b0075], [@b0085], [@b0165]) but none have studied the two-sex life table traits with age stage survival and age specific fecundity of *P. xylostella.* [@b0155] reported that *P. xylostella* can tolerate wider ranges of temperatures however, temperature more than 30 °C negatively affect its survival.

It has been reported that the pre-adult and adult development rate varies at different temperatures ([@b0065]). The present study concluded that *P. xylostella* had short life cycle at 30 °C as compared to other temperatures (15, 20, and 25 °C), while the fecundity was highest at 20 °C ([Table 1](#t0005){ref-type="table"}). This may be due to more feeding at 20 °C*.* The feeding capability of test insects was found dependent on the temperature. [@b0180] described that 20--25 °C temperature is more suitable for the fecundity of *P. xylostella*, while in our study at 20 °C fecundity and hatching percentage were found maximum indicating that 20 °C is a suitable temperature ([Table 1](#t0005){ref-type="table"}).

[@b0205] also reported that the feeding capability of *P. xylostella* was found dependent on the temperature. The present study showed that larval weight was highest at 20 °C ([Table 1](#t0005){ref-type="table"}). This could be due to the fact that the weight of larvae is also affected by consumption, and growth rate ([@b0080]). Lower body weight at higher temperatures attributed to rapid developmental time ([@b0045], [@b0130]) while in our study rapid development of *P. xylostella* was completed at 30 °C also gain less weight ([Table 1](#t0005){ref-type="table"}).

The *GRR* is the indication of rapid increase of population that depends on the number of eggs laid, eggs hatched, and adult eclosion, and all these parameters are affected by temperature ([@b0135]). In two other studies, [@b0045], [@b0130] found positive relationship between intrinsic rate (*r*) increase and temperature up to certain extent due to a higher growth rate. In the present study, the *GRR* was highest at 20 °C and r increased from 15 to 30 °C ([Table 2](#t0010){ref-type="table"}). Such extraordinarily high growth rates must be due to the rapid development and high fecundity of *P. xylostella*. The population increases only when net reproductive rate will be greater than 1 and *r* \> 0 ([@b0020], [@b0185]). Our results were also according to this above-mentioned theory.

5. Conclusion {#s0050}
=============

Based on the current study, it is concluded that *P. xylostella* has potential to grow and reproduce on all four temperatures 15, 20, 25 and 30 °C but the most favourable temperature for *P. xylostella* is 20 °C. The results can be used to forecast pest population under field conditions. So, it is recommended that farmers should plan insecticide application when the field temperature is near 20 °C.
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[^1]: APOP: Adult pre-oviposition period of female adult, APRP: Adult pre-reproduction period of female adult. TPOP: Total pre-oviposition period of female counted from birth, TPRP: Total pre-reproduction period of female counted from birth. Means in the same row followed by the same letter are not significantly different (P \> 0.05) using bootstrap test.

[^2]: *r*; The intrinsic rate of increase (per days).

[^3]: *ʎ*; The finite rate of increase (per days).

[^4]: *GRR*; Gross reproductive rate (offspring).

[^5]: *R~0~*; The net reproductive rate (offspring/individual).

[^6]: *T*; The mean generation time (days).

[^7]: Means in the same row followed by the same letter are not significantly different (*P* \> 0.05) using bootstrap test.
